Abstract. Photon propagation in tissue can be calculated using the relationship described by the transport equation. For scattering tissue this relationship is often simplified and expressed in terms of the diffusion approximation. This approximation, however, is not valid for non-scattering regions, for example cerebrospinal fluid (CSF) below the skull. This study looks at the effects of a thin clear layer in a simple model representing the head and examines its effect on image reconstruction. Specifically, boundary photon intensities (total number of photons exiting at a point on the boundary due to a source input at another point on the boundary) are calculated using the transport equation and compared with data calculated using the diffusion approximation for both non-scattering and scattering regions. The effect of non-scattering regions on the calculated boundary photon intensities is presented together with the advantages and restrictions of the transport code used. Reconstructed images are then presented where the forward problem is solved using the transport equation for a simple two-dimensional system containing a non-scattering ring and the inverse problem is solved using the diffusion approximation to the transport equation.
Introduction
Optical tomography involves the non-invasive and non-hazardous measurement of photon flight through biological tissue. These measurements can be used to obtain information about anatomical structure as well as the physiological state of the tissue under investigation. The optical properties of tissue vary considerably over a range of wavelengths. The characteristic tissue scatter is commonly expressed in terms of the transport scatter coefficient (the probability of a photon scattering in a given distance), µ s = µ s (1 − g), where g is the mean cosine of the single scatter function (the anisotropy factor) and µ s is the scatter coefficient. At a wavelength of 800 nm, µ s is typically about 1-2 mm −1 for breast and neonatal brain tissue and larger for muscle and adult brain. The other major optical property of concern is the absorption coefficient, µ a , which at a wavelength of 800 nm is approximately 0.01-0.025 mm −1 for soft tissue but generally increases with wavelength since the dominant component in most soft tissue is water. However, very strong absorption from haemoglobin in blood at wavelengths less than 650 nm limits the wavelength range of the radiation that can be used for imaging through several centimetres of tissue to the red and near-infrared (NIR) region (Hebden et al 1997) .
Numerical modelling of light propagation in scattering tissue has become well established in optical tomography , Arridge 1999 , Schweiger et al 1995 largely through the use of the diffusion approximation to the transport equation. The diffusion approximation is only valid for materials that are much more scattering than absorbing. This is acceptable at appropriate wavelengths (650-900 nm) where biological tissues have a µ s that is much larger than µ a , for instance in breast tissue. There has therefore been considerable work on imaging of the breast (Colak et al 1997 , Fantini et al 1996 using photons measured on the surface of the tissue to enable the detection and perhaps characterization of abnormalities within the tissue. Our major interest in optical tomography, however, lies in its use for the imaging of the neonatal head. In such studies the aim would be to detect changes in the oxygenation state of specific regions of the brain as an aid to the understanding and prevention of cerebral handicap. Within the head, however, there are regions which are non-scattering while still absorbing, namely the CSF layer around the brain and in the ventricles. The presence of CSF prevents the accurate modelling of photon propagation within the regions of interest when using the diffusion approximation. Despite this, many groups have developed diffusion-based image reconstruction algorithms on the assumption that the error introduced by this approximation may be small or clinically acceptable .
A small number of studies have been performed to investigate the accuracy of the diffusion approximation in regions where µ a is larger than µ s , Nakai et al 1997 , Bassani et al 1997 . Hielscher and Alcouffe have found that when µ a is comparable to µ s , the results calculated using the diffusion approximation differ significantly from those of the transport equation. To ensure small differences between the transport theory and the diffusion approximation, these researchers further state that the µ s /µ a ratio needs to be no less than 40:1, whereas Nakai et al (1997) and Bassani et al (1997) state this ratio to be as low as 3:1. There is therefore a need for accurate information on the way photon propagation and density vary with tissue distribution in a model approximating the neonatal head, where µ a and µ s may vary unconditionally.
Previous studies using numerical modelling and experimental results have shown the effect of clear layers on the system measurements (Firbank et al 1996 , Okada et al 1997 , Wang et al 1998 . All studies report that thin clear non-scattering layers have a significant effect upon light distribution in the system.
In this study we have used two numerical models of photon transport. The first model is a time-independent finite difference transport code, DANTSYS, which was originally developed by Alcouffe et al (1995) for neutron transport studies, and second is a diffusion approximation model as discussed by Arridge et al (1993) and Schweiger et al (1995) . DANTSYS has been previously used for simulation of photon transport in the presence of a clear region Alcouffe 1996, Hielscher et al 1997) , and for simple geometries comparisons have been made with analytical solutions of the diffusion approximation. The initial part of this work is to examine the accuracy of DANTSYS in simulations of photon propagation in scattering material with the aim of investigating the effect due to the presence of non-scattering media. Finally the validity of using a diffusion-based image reconstruction scheme on data from objects containing clear regions is examined. This involved reconstructing images of µ a distribution using the diffusion approximation for the solution of the inverse problem, but with photon intensity data calculated using the transport code in the presence of a non-scattering ring of varying thickness.
Models of photon transport
Photon propagation is described by the radiative transfer equation (RTE) (Chandrasekhar 1950, Case and Zweifel 1967) , which for the single-energy time-dependent case is given as:
where c is the speed of light within the medium, µ tr (r) is the transport cross section at point r, φ (r,ŝ, t) is the radiance at position r, time t, directionŝ and q(r,ŝ, t) is the source. p defines the probability that during a scattering event a photon from directionŝ is scattered in the directionŝ. Under the assumption that scattering dominates absorption in a region of interest, the transport equation, equation (1), can be simplified by the use of the diffusion approximation which is obtained by only considering the P1 spherical expansion of equation (1):
where q 0 (r, t) is the zeroth order for the expansion of q(r,ŝ, t) (isotropic source) and (r, t) is the photon density at position r, time t, and is given by:
The diffusion coefficient D is given by:
For biological tissue the value of g is usually about 0.9 which describes a mainly forward scatter for the tissue. Theoretical and experimental results have so far demonstrated the validity of these equations under appropriate conditions where µ s µ a (Groenhuis et al 1983 , Nakai et al 1997 , Bassani et al 1997 .
Homogeneous scattering regions
Initially photon flux in a two-dimensional (2D) circular model of radius 25 mm with a homogeneous scatter of µ s = 2 mm −1 and absorption of µ a = 0.025 mm −1 was solved using three methods:
(a) An analytical solution based on the diffusion approximation (Arridge et al 1992) . (b) A finite difference model of the RTE, DANTSYS (Alcouffe et al 1995) . (c) A finite element model based on the diffusion approximation , Schweiger et al 1995 .
The source was modelled as a single isotropic source situated a single transport scattering distance (0.5 mm) inside the boundary. For the DANTSYS model great care was taken to ensure a sufficient number of elements were used to allow accurate modelling : as a rule of thumb adjacent element nodes should not be separated by more than one transport mean free path 1 µ s . The value of g was assumed to be zero, so that µ s = µ s . Boundary photon intensities were hence calculated for all three models for a given point source (figure 1). It can be seen from these results that all three models calculate the same data with similar accuracy. have also published similar results. The boundary condition used in the transport model is a condition where the angular flux on the boundary is identically zero for all incoming directions (vacuum boundary condition as specified in DANTSYS). It is believed that for the finite element diffusion approximation model, the Robin boundary condition (representing a physical model of a non-scattering medium surrounding the area of interest and assuming that no diffuse surface reflection at the outer boundary occurs) as discussed by Schweiger et al (1995) would be most applicable. However, the Dirichlet boundary condition (assuming that the photon density at the boundary is zero) was found to best match the data from the transport model. For the analytical model, a Dirichlet boundary condition was also used. 
A clear non-scattering ring within a homogeneous scattering region
The diffusion approximation is known to be invalid in non-scattering regions and it is for this reason that solutions to the transport equation are required for accurate modelling of the head. Methods other than the transport equation have also been proposed and used for systems containing non-scattering regions (Firbank et al 1996) . In their study, an iterative hybrid radiosity-diffusion model was used to solve for time-dependent solutions for scattering models containing non-scattering regions.
Qualitative studies have already shown the capability of DANTSYS in calculating the photon densities not only in scattering regions but also in non-scattering media (Hielscher et al 1997) . In the next part of this study a circular model of radius 25 mm was used. This model (figure 2) consists of a homogeneous distribution where µ s = 2 mm −1 and µ a = 0.025 mm (very little scatter) and µ a = 0.025 mm −1 . The µ a of the clear ring was given a value of 0.025 mm −1 , so that the absorption coefficient throughout the model was kept constant. This ensures that any effects seen are purely due to the non-scattering property of the region. The source was modelled as a single isotropic source situated a single transport scattering distance (0.5 mm) inside the boundary.
In DANTSYS for the discretization of the direction or angles of photon propagation, the discrete ordinate method (also known as the S n method) is used (Alcouffe et al 1995) . Carlson and Lathrop (1968) and Dunderstadt and Martin (1979) give a good description of this method. In order to ensure that an adequate number of discrete ordinates (variable S n , as defined in DANTSYS) are used, a number of simulations were performed for various values of S n . It was found that no significant changes in the calculation of flux densities were seen when S n was greater than 30. It is noted here that for such a large number of discrete ordinates, the calculation time required is increased many fold.
The boundary fluxes calculated for the DANTSYS model (for S n = 4, 16 and 30) and the diffusion approximation model for a given point source are shown in figure 3. It can be seen that the diffusion approximation model clearly overestimates the flux density at the boundary in the presence of the clear layer. The flux calculated using DANTSYS for three values of S n is shown. It can be seen that for an increase of S n from 16 to 30, the changes 
Image reconstruction using the diffusion approximation with data calculated in the presence of a clear region
Image reconstruction in optical tomography is well established and has been described in detail by Arridge (1999) , Schweiger et al (1993) , Jiang et al (1995) and Pogue et al (1995) . Usually boundary data (flux intensities, mean time of flight as well as other possible data types) are calculated with a forward model using the diffusion approximation and images of absolute optical properties for the regions of interest are reconstructed. In this part of the study, we attempt to reconstruct images using the diffusion approximation with flux intensity data that have been calculated in a model containing absorption anomalies and a clear region (using DANTSYS) . No other data types could be used in this instance as DANTSYS is only capable of producing time-independent flux intensities. DANTSYS is thought to be able to deal with 'void' regions. By 'void' we mean non-scattering and non-absorbing regions within the model. To allow a void calculation in DANTSYS, the region label '0' was assigned to the void regions (Alcouffe et al 1995) . A circular model of radius 30 mm, containing a void ring as well as three separate anomalies, was used to calculate the boundary flux intensity data using DANTSYS (figure 4). The thickness of the clear ring, which was positioned at 27 mm from the centre of the model, was varied from 0.1 mm to 0.5 mm and 1 mm with a void property. The anomalies were of equal scattering to the rest of the model with µ s = 2 mm −1 but had twice the background absorption with µ a = 0.05 mm −1 . Boundary flux intensities were calculated at 18 equidistant points on the boundary for 18 separate equidistant sources placed at one transport scattering depth inside the outer boundary.
The calculated boundary data for a single source point are shown in figure 5 . It is evident that even in the presence of a 0.1 mm CSF ring the boundary flux is slightly affected compared with that when no CSF ring is present. Also as the thickness of the CSF ring increases, the number of photons propagating through the medium increases, which is as expected. Furthermore it is evident from these data that even when the CSF ring is only 1 mm thick, a high proportion of photons detected at the surface have travelled through the clear ring giving rise to the regions of linear flat response as seen in figure 5 .
Images of the absorption coefficient were reconstructed using a nonlinear conjugategradient image reconstruction method (Arridge and Schweiger 1998) with median filtering at each iteration. One hundred iteration steps were used and the reconstructed images for each case at one hundredth iteration step is shown in figure 6 . It was found that for the purpose of image reconstruction, the diffusion model with a Robin boundary condition produced more accurate images than those with a Dirichlet boundary condition.
Several features of these images are apparent. The first is that in the presence of a very thin clear layer the diffusion approximation is still able to reconstruct images of the absorption coefficient distribution. However, as the thickness of this clear layer is increased, the quality of the reconstructed images decreases. For the case where the clear layer is 1 mm thick, it is found that the three separate anomalies are not distinguishable. A notable feature is that as the thickness of the clear layer is increased, the anomalies are reconstructed slightly displaced from their original position. Figure 7 shows a plot of the calculated µ a along the line of intersection as shown in figure 4 . It is noted that as the thickness of the clear layer increases, the anomaly appears to be moving slightly closer towards the boundary of the model. Furthermore it is evident that for a CSF ring of 1 mm the calculated µ a is highly inaccurate. 
Discussions and conclusions
For the accurate imaging of the neonatal head the presence of non-scattering (clear) regions must be taken into account. Numerical modelling of photon propagation is an essential tool in most image reconstruction schemes and must therefore produce accurate results. In the presence of a clear region, the diffusion approximation of photon transport is shown as no longer valid. The calculated boundary flux intensity is highly overestimated when using this approximation. For this reason a transport code for RTE was used to calculate the boundary photon intensity for a circular model of radius 30 mm containing a clear ring and three absorbing anomalies. It has been shown that when the clear ring has a thickness of up to 0.5 mm, the boundary data can still be used for image reconstruction using a diffusion approximation. In the presence of a thin clear ring the reconstructed images of the anomalies appear to be more blurred and slightly displaced away from the centre of circular model and towards the boundary of the clear annular ring. For a clear ring of 1 mm, no useful image can be reconstructed using the diffusion approximation.
The transport code used in this study is a time-independent code and so only flux intensity data were available. It may be that other data types, such as mean time of flight, will produce better results in the presence of a clear region. However, the calculation of such data types using DANTSYS was not possible. The calculation time for a single model using this transport code was approximately 12 h on a relatively fast computer, and clearly the use of this transport code for any iterative image reconstruction scheme is not feasible, although more efficient schemes have been developed (Dorn 1998) . However, work is currently under way on the development of an alternative calculation scheme for flux intensities and mean time of flight as well other data types in the presence of clear regions .
